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D. I. Hobbs** 
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ABSTRACT 
A parallel-plate electrochemical reactor model with multiple reactions at both electrodes and anolyte and catholyte 
recirculation tanks was modeled for the electrochemical destruction of nitrate and nitrite species in an alkaline solution. 
The model can be used to predict electrochemical reaction current efficiencies and outlet concentrations of species from the 
reactor, given inlet feed conditions and cell operating conditions. Also, predictions are made for off-gas composition and 
liquid-phase composition in the recirculation tanks. The results of case studies at different applied potentials are shown 
here. At lower applied potentials, the model predictions show that the destruction process is more energy efficient, but the 
time required to destroy a given amount of waste is increased. 
The electrochemical treatment of nuclear waste is the 
subject of much current interest. After radioactive decon- 
tamination, the liquid waste from nuclear fuel processing 
still contains many hazardous ubstances, among them ni- 
trate and nitrite. Electrochemical reduction of the nitrate 
and nitrite destroys these hazardous pecies while simulta- 
neously reducing the volume of the waste. The electro- 
chemical reduction process has been shown to be an effec- 
tive treatment in regard to the removal of nitrate and 
nitrite from simulated and real waste solutions, but further 
optimization of the process is still needed. 1'2 
No modeling of the parallel-plate electrochemical reac- 
tor has yet been done for a nitrate waste system. However, 
parallel-plate reactor models have been published for 
other systems. White et al. 3 presented a complete parallel- 
plate reactor model that was used to model multiple elec- 
trode reactions at the cathode. With this model for the elec- 
trowinning of copper, they were able to predict current 
efficiencies, selectivity, and  conversion per pass for differ- 
ent reactor designs. However ,  they did not include multip]e 
reactions at both electrodes nor a separator in their model.  
In addition no gas evolving reactions were  modeled.  
Mader et al. ~ made a simplification for the parallel-plate 
reactor model that substantially reduced the required com- 
puting time. They assumed that the change in concentra- 
tion of a species with respect o reactor length could be 
approximated by a step change in concentration from the 
reactor inlet to the reactor outlet. This essentially changed 
the model from a two-dimensional model to a one-dimen- 
sional model. The new model was called the one-step 
model, and the old model was called the continuous model. 
Mader and White s also developed a model for a Zn/Br2 
flow battery on charge. This model was similar to the oth- 
ers developed before 3'4 but included a separator region be- 
tween the electrodes. Only the charge mode of the cell was 
modeled. The MacMullin number, 6 N~, was used along with 
the separator thickness to describe the transport properties 
of the separator. Evans and White ~ later developed a model 
for both the discharging and charging modes of the Zn/Br2 
flow battery. 
* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 
No parallel-plate reactor model of the type mentioned 
above includes the effect of gas evolution at the electrodes. 
Since most of the reactions in the nitrate waste system have 
gaseous products, this is an important area for investiga- 
tion while constructing a model for this system. In general, 
gas evolution affects the ohmic resistance of cells, the mix- 
ing history of the solution, and mass transfer to and from 
the electrodes? If the rate of gas evolution is small com- 
pared to the flow rate of the liquid phase, then the gas 
bubbles may not have a profound effect on the mixing in 
the reactor. Some experimental evidence was found for this 
case for an axially dispersed plug flow model. 8According 
to Wu et al., 8 at NRe greater than 100, dispersion rates were 
not substantially affected by gas evolution. In addition, the 
mean residence time of Cu + ions was not substantially af- 
fected, even at low Reynolds numbers, by the presence of 
gas. Consequently, it is assumed in this work the gas evolu- 
tion at the electrodes does not affect substantially the oper- 
ating characteristics of the cell. It may be necessary in the 
future to add gas evolution effects at the electrodes for 
cases with small Reynolds numbers. 
Several models for a parallel-plate electrochemical reac- 
tor with recirculation have been developed. 9-~3 Most of the 
models assumed that the electrochemical reactor was in 
plug flow and did not consider the effect of potential, elec- 
trode gap, ionic migration, or electrode kinetics. Nguyen 
et al. ~3 presented a two-dimensional model for a parallel- 
plate electrochemical reactor with a continuously stirred 
tank reactor (CSTR) and recirculation. The electrochemical 
reactor was similar to that developed by others TM and in- 
cluded dependence on kinetics, applied potential, migra- 
tion, and flow distribution. The model included time de- 
pendence in both the electrochemical reactor and the 
CSTR. Only one reaction at each electrode was modeled 
and one reaction in the reservoir. No separator was in- 
cluded in the model. 
No model was found that included equilibrium between 
a liquid and gas phase. Nor have any of the models with 
recirculation tanks or CSTRs included a separator in the 
model. Both of these aspects are important in this research 
and are included in this work. 
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Fig. 1. Schematic diagram of a divided cell parallel-plato eledro- 
chemical reactor. 
Model Development 
In a caustic solution at a lead or nickel electrode, the 
important cathodic reactions involving nitrogenous species 
are bel ieved to be ~ 
1 1 1 _ 
NO31~q) + ~ H2001 + e- ~- ~ NO2(~q) + OH~,q~ 
1 5 1 7 _ 
-6 NO~,q~. +~ H20~ + e- ~ ~ NHz~g~ + ~ OH~q) 
1 _ 2 1 4 
NO~(,q~ +5 H200~ + e- ~ ~ N2~g) + ~ OH~,q~ 
3 1 3 
I NO2c,q~ +~ H20(~ + e- ~ ~ N2OI~  + ~ OH~,~ 
1 H~O,) + e m ~ H~lg ~ + OH~,q~ 
The reactions at the anode are 
U014,15 
0.01 [1] 
-0.165 [2] 
0.406 [3] 
0.15 [4] 
-0.828 [51 
1153 
U014,15 
1 1 
OH~aq) ~ ~ O21g ) + ~ H20(ll + e- 0.401 [6] 
1 _ i _ i 
ix~O2(aql +OH(aq} ~- ~ NO3(aq) + ~ H20(li + e- 0.01 [7] 
Reactions 5and 7 are undesirable r actions that should 
be minimized by optimizing the design and operating con- 
ditions for the electrochemical reactor. 
A porous eparator isincluded in the model to reduce the 
oxidat ion of nitr ite at the anode (reaction 7) and to keep the 
product gases of each electrode separate. It is thought o be 
important o separate the oxygen produced at the anode 
from the ammonia and any other potential ly explosive 
gases which are produced at the cathode. A schematic dia- 
gram of a divided cell paral le l -plate reactor is shown in 
Fig. 1. In the divided cell, a separator divides the anolyte 
and catholyte channels. The waste solution flows through 
the catholyte side of the cell, and a caustic solution flows 
through the anolyte channel. 
Since the true reaction pathways for reactions 1-7 above 
are not known, it was assumed in this research that the 
kinetics of the model could be described by these equa- 
tions. The reactions l isted above (Eq. 1-7) also form a com- 
plete set of reactions from a stoichiometric v iewpoint )  6
E lect rochemica l  reactor  mode l  assumpt ions . - -The  as- 
sumptions for the electrochemical reactor model are: 
1. Steady state is achieved. 
2. No homogeneous reactions occur (i.e., the only reac- 
tions are those that occur at the electrodes). 
3. The physical transport parameters are constant. 
4. Di lute solution theory ~7 applies. 
5. The Nernst-Einstein equation, ~v ui = Di/RT,  applies. 
6. The Butler-Volmer equat ion can be used to describe 
the reactions at the electrodes. 
7. The f luid is an incompressible Newtonian fluid in 
wel l -developed laminar flow. This assumption seems rea- 
sonable if the fluid is under high pressure, or if the f low 
rates are much higher than the gas evolut ion rates. 8 
8. Isothermal conditions exist. 
9. The gases that are produced at the electrodes tay in 
solution in the reactor and are f lashed after passing 
through the reactor. 
In addition, it is assumed in this research that the relative 
activity of an ionic species can be approximated by the 
concentrat ion of the ionic species and that the activity of a 
gaseous species can be approximated by the part ial  pres- 
sure of the species. 
The equat ion development for the model is wr i t ten in a 
general manner  for a generic species i. In the model the 
species i includes ions and gases in solution. Some of the 
equations used in the model have been developed previ-  
357 ously. -, The equations for the reactor port ion of the model 
are summarized in Tables I and II in this work, but are 
shown in detail  in another work. TM 
In this study the change in concentrat ion in the axial 
direction, 0C~(x, y ) /Ox  (or O Oi/0{ in dimensionless variables), 
Table I. Governing equations. 
Anolyte/catholyte flow channels: 
Separator region: 
Mass continuity equation 
Electroneutrality 
Mass continuity equation 
Electroneutrality 
062 /
/ 02@ 08, b@) 
08 +3PectS~ :~ (6' - 6 '2) = 0 
z~OzC~,~f = 0 
_ (0-~04 
t @2 / 
; O'~@ asi o@ 
y~ ziSiC,,rof = 0 
i 
[381 
[39] 
[40] 
[411 
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Table II. Boundary conditions. 
Anode: 
Anolyte/separator interface: 
Separator/catholyte in rface: 
Cathode: 
Electrochemical reactions ~ nj~= -Ni, n [42] 
Electroneutrality ~ z~O~C~.~of = 0 [43] 
/OOt . Oq~\ 1 i"O0~ ~ OeP~ 
Continuity of flux /~  + zi"i  0~)  : NM l~-  "[" zl"i  ~- f l  [44] 
Anolyte side Separator side 
Electroneutrality ~ z~O~C~.~ = 0 [45] 
i 
i O0~ ~ Odp'\ 1 ( 00~ . 3d9'~ 
Continity of flux ~ g + z,., ~ ) = N t g * z~., g)  {46] 
Catholyte side Separator side 
Electroneutrality ~ z~O~C~.~f = 0 [47] 
t 
- N~, [48] Electrochemical reactions ~ .n~F ' 
Electroneutrality ~ z~O,C~,=~  0 [49] 
i 
is treated as a time-like derivative and is approximated by 
taking small step sizes down the reactor length. The deriva- 
tive is approximated as
OQ(x, y)  Q(x  + Ax, y)  - Q(x, y) 
Ox L 
[8] 
Instead of taking multiple steps down the reactor length a 
one-step 4 approximation is used for approximating the 
change in concentration in the axial direction. The change 
in concentration in the axial direction is approximated as
OQ(x, y) /Ox = Q(x  = L, y)  - Q(x  = O, y ) /L .  This method has 
been shown previously to be a justified approximation if 
the conversion per pass in the reactor is not highJ '~'7 
In dimensionless variables, the one-step approximation 
becomes 
O0__i ~ Oi( ~ ---- 1)  - -  Oi( ~ ---~ O) = Oi(~ = 1)  - -  0 i feed [9]  
Using this one-step approach essentially changes the 
model equations from two-dimensional to one-dimen- 
sional, thus a significant savings in computing time results. 
The O~,fo~d are known inlet conditions (initial conditions), 
and the 0~ that are solved for are the outlet dimensionless 
concentrations as functions of the lateral positions (v or ~). 
The current density which appears in the boundary 
condition is assumed to be given by the Butler-Volmer 
equation 
[I. / Cio ~P~J ~ . , ij,~ = ioi,,'~f /~)  exp [~ajJ~jl 
where  
nj = v-  ~o - u~,~f [111 
F 
/=RT [12] 
In dimensionless variables the Butler-Volmer equation 
becomes 
ii'nZ--i~ 0~'~exp [c%f~]-- ]-[i @.~exp [-c%f-q~]} [13] 
Modeling of an Electrochemical Reactor with 
a Recirculation Tank 
In practice it is desirable to destroy 95% of the nitrate 
and nitrite species present in liquid radioactive waste be- 
fore permanent disposal of the waste.' Since previous ex- 
perimental work 2 and the models developed here indicate 
that the conversion per pass [Q,av~(X = 0) - Cj,ave(X ---- L) /  
Ci,a,e(X = 0)] for nitrate reduction in a parallel-plate electro- 
chemical reactor is very small, recirculation of the feed is 
needed to achieve an overall conversion of 95%. Another 
alternative would be to build a very long reactor; however, 
this is probably not feasible because of the high rate of gas 
evolution. The gases produced in the reactor increase the 
ohmic resistance of the cell. In a long reactor these gases 
would need to be released from the reactor to avoid large 
power losses. Some optimum combination of recycling and 
reactor length needs to be found. 
A recirculation tank was included in this work to model 
the time dependent concentration f species in an alkaline 
nitrate/nitrite solution. A divided cell parallel-plate elec- 
trochemical reactor with two recirculation tanks (one for 
anolyte, one for catholyte) is shown in Fig. 2. 
PPER w i th  rec i rcu lat ion  tank  mode l  equat ion  deve lop-  
ment . - - I t  is assumed in the model that the gases produced 
according to reactions 2-6 stay in solution inside the elec- 
trochemical reactor. After passing through the reactor, a 
flash occurs (either prior to or in the reservoir). 
Gas 
C%~.a 
Ci,res, a = Ci.=va,a 
Ci'feed'a I 
Anolyte ] 
feed 
Ci.(eed.a 
Ci,g,e 
I !  
I Cueed, c \ 2 
foed 
Anode(+) sepan=ter CaU~ode(-) 
I l l  
f f ~ 
The initial conditions are just the specified feed condi- Fig. 2. Schematic diagram showing flash process for a divided cell 
tions into the reactor (i.e., all of the (}~,fe~ are specified), parallel-plate reactor with recirculation tanks. 
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It is also assumed in this study that the reactor operates 
at steady state and that the only time dependence is in the 
recirculation tank. The following further assumptions were 
used for modeling the system: 
1. The liquid in the reservoir (recirculation tank) is per- 
fectly mixed, and there is no dead time between the reser- 
voir and the reactor. Thus, C~,~ = C~,~,~d. 
2. The volumetric flow rate into the reservoir equals the 
volumetric flow rate out of the reservoir. 
3. There is constant density of the liquid phase in the 
reservoir. 
4. Henry's law holds for O~, N2, N20, Ha. 
5. Raonlt/s law can be used for H20, NH3. 
The equilibrium expressions needed are K~ values. In 
general, these are dependent upon pressure, temperature, 
and the composition in each phase. If Raoult's and Henry's 
laws are assumed to hold, the Ki values are functions of 
only the pressure and temperature of the system. The K~ 
value using Henry's law is of the form 
K~ = y~ - H ,s (T )  
xq - P [141 
The value for Henry's constant, H~.B, for a given species i 
is dependent upon the temperature and the solvent B. In 
this study the Henry's constants used were those for the 
gases in water at 298.15 K. 
The K~ value, assuming Raoult's law, is of the form 
K~ = y~ - P:~t(T) 
xq - P [15] 
The saturation pressure values in this study were calcu- 
lated by using Antoine's equation. 
The data needed for a flash calculation is the overall mole 
fraction of each species, z~, the temperature and pressure of 
the system, and vapor-liquid equilibrium expressions for 
each species. Note that the z~ are independent of the pre- 
equilibrium phases that may be present. In general 
zi = xiL + Yi V [16] 
where x~ is the mole fraction of species i in the liquid phase; 
y~ is the gas-phase mole fraction of species i, and L and V 
are the total mole fractions in the liquid and gas phase, 
respectively. 
Prior to doing a flash calculation, it is important to first 
insure that the system is in the two-phase region. Thus dew 
point and bubble point calculations must also be done. 
Since the temperature and pressure are constant in this 
model, either dew point pressure and bubble point pressure 
or dew point temperature and bubble point temperature 
calculations can be done. Since the pressure is easier to 
solve for in these calculations, dew point pressure and bub- 
ble point pressure calculations were done prior to the flash 
calculation. The governing equations for the flash calcula- 
tions are shown below. 
The flash criteria used in this study are 
xi = 1 [17] 
i 
~'. Yi = 1 [18] 
i 
L + V = 1 [19] 
~'. zi = ~ (xiL + yiV) = 1 [20] 
From these criteria, the following flash equation (a func- 
tion of vapor fraction) can be found ~g 
frl~h(V) = ~ zi(Ki - 1) I+~-KZ i ) -0  [211 
and 
dfFias~ zi(Ki-  i) 2 
dV - E [ l~-~-~_-~) l  ~ [22] 
The value of V is the only unknown in the flash equation. 
Initially, this value must be guessed with the constraint 
that 0 < V < 1. Successive stimates of V are found by 
Vk+l = Vk /d  fFlash / [23] 
\ dV I, 
After solving for the vapor mole fraction, V, the liquid 
and gas-phase mole fractions are found by 
Zi  
xl = L + Ki(1 - L) [24] 
zi - xiL 
Y~ - V [25] 
The bubble point calculation is done to check to see if the 
system is in the two-phase region. This is necessary before 
doing a flash calculation because meaningless or incorrect 
results from the flash calculation will occur if the flash 
calculation is carried out and the system is not in the two- 
phase region. For a bubble point calculation, all of the com- 
ponents are assumed to be in the liquid phase, thus z~ = x~. 
The temperature is constant in this work, and we are calcu- 
lating the bubble point pressure. 
The bubble point criterion is 
Yi = ~ Kixi = 1 
Multiplying through by the total pressure we get 
[28] 
~', K iPx i  = P [27] 
/ 
or 
fBu~(P)  = P - E g~Px,  = o [28] 
i 
Since the K~ values have pressure in the denominator, the 
second term in the bubble point equation has no net pres- 
sure term and 
d fBubte 1.0 [29] 
dP - 
Iterative estimates of the bubble point pressure can be 
done using Newton's method 
Pk+t = Pk k~P--J~:/dfBublP, - Pk -- \ 1.0 ]k [30] 
until convergence is reached. 
In a dew point calculation, all of the species are assumed 
to be in the gas phase. Thus, Yt = zt. In this research the K~ 
values for the ions are taken to be zero, and thus there is no 
possible gas only phase. Nevertheless, the dew point cal- 
culation was programmed (equations hown elsewhere t6) 
to keep the program general and allow use with other K~ 
values. 
The gases produced electrochemically in the reactor are 
assumed to stay in solution in the reactor and are flashed 
after leaving the reactor but before the reservoir. A gas 
phase and liquid phase then exist and are split from one 
another. The liquid phase then goes into the recirculation 
tank. The tank is perfectly mixed, and the exit from the 
tank is the feed to the electrochemical reactor. Figure 2 
shows a schematic diagram of this arrangement. 
The z~ values in this case are the x~ values from the outlet 
of the reactor since all of the gases are assumed to be in 
solution at this point. Thus 
Q.avov~,.o zl - [31] 
y, c~,o,,ov .... 
i 
for a flash_calculation that occurs just alter the reactor. 
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Table III. Base case kinetic parameters 
Reaction U~ 14,1s Uj ~ 
j io,).r~ (A/em-') a~.j aq n i (V vs j, SHE) (V vs. SHE) 
1 8.0e - 10 0.5 0.5 1 0.01 0.0178 
2 8.5e - 11 0.5 0.5 1 -0.165 -0.1388 
3 3 .0e-  15 0.5 0.5 1 0.406 0.390 
4 1.5e - 13 0.5 0.5 1 0.15 0.1514 
5 3.0e - 06 0.5 0.5 1 -0.828 -0.8384 
6 1.9e - 11 0.5 0.5 1 0.401 0.3920 
7 1.0e - 15 0.5 0.5 1 0.01 0.0178 
The govern ing  equat ion  for the recirculation tank  is then  
the same as that for a recircuiation tank  for a sys tem wi th  
no  gases be ing  evolved. Thus  
d (G ~sVros) 
i t  = ~:Ci,l - ~f~Ci ,~d [32] 
where  C,,, is the l iqu id -phase  concent rat ion  of species i re- 
su i t ing f rom the f lash calculat ion,  as can be seen in Fig. 2. 
'Iq is the vo lumetr ic  f low rate  of this  stream. In th is  work,  it 
was assumed that  this f low rate is the same as the f low rate  
for the feed to the reactor, ~/'~,~a. Thus ~r = lq  = a constant.  
The t ime der ivat ive was approx imated  by a step change 
in t ime 
dC~e~ Cires(t + At )  - G ,~( t )  
dt  ~ ' A t  [331 
Since the reactor is perfectly mixed, Ci,~ = Ci,~e.d, and the 
governing equation for the reservoir becomes 
Ci,~..a(t + At)  = CU.ed(t) + At ~ [Ci,(t) - Ci~eed(t)] [34] 
Model Parameters 
The physical and operating parameters are shown in 
Table III. The f low rates, cell d imensions,  and  other  par -  
ameters,  were chosen based upon previous and  p lanned 
exper imenta l  work  by others.  ~ These values were used in 
the ease studies presented here, unless otherwise stated. 
The base ease values of species-specif ic parameters  used 
in th is  work  appear  in Table IV. The di f fusion coeff icients 
used for the ionic species are f rom l imit ing ionic conduct iv -  
i ty data.  ~7 The di f fusion coeff icients for the gases were esti-  
mated  f rom the Wi lke -Chang est imat ion  method,  assuming 
the water  is the solvent. 2~ The values for in i t ia l  feed concen-  
t rat ions,  Cu~r used are s imi lar  to those used in prev ious 
and  p lanned exper imenta l  work.  ''-~ 
The base ease k inet ic  parameters  used in this  s tudy are 
shown in Table V. The values are the same for both  the 
und iv ided  and  div ided cells. The values for the exchange 
cur rent  densit ies were guessed after  sett ing all the other  
model  parameters  to obta in  results  s imi lar  to exper imenta l  
data.  2 
The fo l lowing react ion orders were used in th is  s tudy 
If %j > 0, then  pl,~ = %,i, q~,i = 0 
If s~,~ <0, then  p~,~ = 0, q~.~ = -%4 
Table VI shows a list of the equ i l ib r ium K~ values used in 
this  s tudy for the f lash calculat ions.  
Table IV. Base case physical and operating parameters. 
v~.~,~ 10.50 cm/s 
v ..... 10.50 cm/s 
W ('electrode breadth) 10.00 cm 
L (electrode length) 10.00 cm 
S~ (anolyte width) 0.60 cm 
Sc (catholyte width) 0.60 cm 
Ss (separator width) 0.05 cm 
S (electrode gap) 1.25 cm 
MacMullin number 5.00 
Temperature 298.15 K 
Anolyte volume 7000.00 ml 
Catholyte volume 700.00 ml 
Solution Procedure 
The para l le l -p la te  reactor  model  govern ing equat ions  re- 
sults in a set of coupled di f ferent ia l  and  a lgebraic  equa-  
tions. A f in i te-di f ference approx imat ion  method was used 
for the derivat ives.  This resul ted in a system of coupled 
a lgebraic  equat ions.  These equat ions were then  solved us-  
ing a Newton-Raphson- type  rocedure developed by New-  
man cal led Band(J).  17 A modi f ied form of the procedure,  
mband,  21 was used to a l low mul t ip le  regions to be modeled. 
The solut ion steps used for the reactor  and  reservoir  
models together  are: 
i. Solve the parallel-plate reactor model  using initial 
conditions (base case feed eonditions in Table V). This is 
time t = 0. 
2. Use the average outlet concentration at time t and the 
flow rate of the solution(s) to solve the bubble point, dew 
point, and flash calculations. Then solve for the liquid com- 
position going into the reservoir. 
3. Calculate the new reservoir concentration at time t + At 
using Eq. 34. This is the new feed to the reactor. 
4. Solve for the new outlet concentrations from the reac- 
tor and then return to step 2. 
5. Repeat steps 2-4 until some specified time or charge 
has been passed. 
The case studies presented in this work  were run until 
one million coulombs had passed to compare the results 
with some previous experimental work  where this was 
done. 2 
Mater ia l  ba lance  closure ca lculat ions were also pro-  
g rammed for the e lectrochemical  reactor  in the same way 
as has previously been done by others. 4The results  ver i f ied 
the consistency of the model  f rom a mater ia l  ba lance  
perspect ive.  
Results and Discussion 
In  eva luat ing  the effect iveness of the dest ruct ion  process, 
determin ing  the current  eff iciency for each react ion is 
important .  The cur rent  eff iciency for a react ion j, %, is de-  
f ined as 
ej = ~ = ii [35] 
~tot E ~k 
k 
Since the current  density for a react ion is direct ly re lated 
to the rate of react ion through Faraday's  law, the cur- 
rent  eff iciency gives a measure  of the selectivity for each 
react ion.  
It should be noted that  
~ ej = 1 [36] 
1 
~ ej = 1 [37] 
6 
or that  the sum of the current  efficiencies at  each electrode 
is one. 
The para l le l -p late  reactor  model  was programmed to ex-  
pl ic it ly calculate the current  density for each react ion (ij 
appears  in the electrode boundary  condit ions).  Thus, cur- 
rent  eff iciency predict ions can be made us ing the model. 
In an operat ing para l le l -p late  reactor  for the dest ruct ion  
of n i t ra te  and  n i t r i te  waste, it is des i rable  to max imize  the 
current  eff iciency (cathodic) of react ions 1-4 and  min imize  
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Table V. Base case species parameters. 
1157 
Species i zl D~ ~ Ci,~f Q.~ed 0i,~ed.~ 0i.fo~,~ 
(cmZ/s) (mol/cm 3) (mol/cm ~) 
No31aq ) -1  1.902e - 05 1.95e - 3 1.95e - 3 1.0e - 4 1.0 
NO21aq) -1  1.902e - 05 0.60e - 3 0.60e - 3 1.0e - 4 1.0 
OH~q) -1 5.260e - 05 1.33e - 3 1.33e - 3 2.917 1.0 
Na~o9 1 1.334e - 05 3.88e - 3 3.88e - 3 1.0 1.0 
N21~q) 0 1.900e - 05 1.0e - 06 1.0e - I0  1.0e - 4 1.0e - 4 
NH3c~ql 0 2 .168e - 05 1.0e - 06 1.0e - i0  1.0e - 4 1.0e - 4 
N20~,~ 0 1.801e - 05 1.0e - 06 1.0e - 10 1.0e - 4 1.0e - 4 
O2(~q~ 0 2 .151e - 05 1.0e - 06 1.0e - I0  1.0e - 4 1.0e - 4 
H21~,o 0 2 .322e - 05 1.0e - 06 1.0e - i0  1.0e - 4 1.0e - 4 
17 a Ionic species diffusion coefficients from limiting conductivity data. Nonionic species diffusion coefficients estimated using the Wilke- 
Chang estimation method. 2~ 
the current efficiency of reaction 5 (the production of hy- 
drogen). At the anode, it is desirable to maximize the cur- 
rent efficiency of reaction 6 (oxidation of hydroxide) and to 
minimize the current efficiency of reaction 7 (oxidation of 
nitr ite to nitrate). 
Figures 3-8 show the results from a case study with the 
base-case parameters and E~e~ = 3.5 V. In this case the 
catholyte reservoir volume used is 700 ml, and the anolyte 
reservoir volume is 7000 ml. A large anolyte reservoir vol- 
ume is used so that the deplet ion of OH~q) in the anolyte 
wil l  not be large, which would cause l imitations in the cur- 
rent density later in the run. 
Figure 3 shows the cathodic current efficiencies vs .  cou- 
lombs passed. Init ial ly the current efficiency is greatest for 
the nitrate reduction reaction (reaction 1), but the nitr ite to 
ammonia reaction current efficiency (reaction 2) soon be- 
comes large as the concentrat ion of nitr ite increases. Ni-  
trite to nitrogen and nitr ite to nitrous oxide reaction cur- 
rent efficiencies also increase but not to as large an extent 
(reactions 3 and 4, respectively). 
The oxidat ion of nitr i te to nitrate (reaction 7) does not 
consume much of the current in the divided cell, as can be 
seen in Fig. 4. The current efficiency for this reaction is 
extremely small  at the beginning of the run (<0.01%). As 
nitr ite diffuses and migrates through the separator, this 
current density increases but never becomes large. The 
max imum current efficiency reached is about 1.3% and 
levels off at this value as the concentrat ion of nitr ite in the 
catholyte is low by this time. Thus there is no net driving 
force moving the nitr ite from the catholyte to the anolyte. 
Migration tends to move the nitr ite and nitrate into the 
anolyte from the catholyte, but when the concentrat ion i
the catholyte becomes mall  enough, the migrat ion and dif- 
fusion cancel each other. 
The concentrat ion of ionic species in the catholyte reser- 
voir vs .  coulombs passed is shown in Fig. 5. The concentra- 
t ion of Na~q) increases as the run proceeds due to migrat ion 
from the anolyte. While electroneutral i ty must always be 
maintained and OH~q~ is being produced at the cathode, the 
amount of Na~q) that is transported into the catholyte is 
dependent upon the volume of the anolyte reservoir. Migra- 
t ion tends to move the sodium ions toward the catholyte; 
diffusion tends to move the sodium back toward the 
anolyte. This diffusion term would be even more important  
if the concentrat ion of Na~aq) dropped substantial ly in the 
anolyte (due to movement  into the catholyte). With a large 
Table VI. Gas species equilibrium ~ values used in this study. 
Gas species i H~ 24 or Pi sat 25 (298.15 K) K~ (2.98.15 K) 
N2 H = 8.56e04 atm 8.56e04 
N20 H = 3.0e03 arm ~ 3.0e03 
O2 H = 4.34e04 arm 4.34e04 
H2 H = 7.03e04 atm 7.03e04 
NI__I3 psat = 9.98 atm 9.98 
H20 psat = 0.03 arm 0.03 
Estimated value. 
anolyte reservoir, however, this is not the case, as can be 
seen in Fig. 6. 
The concentrat ions of nitrate and nitr ite drop rapidly in 
the catholyte reservoir because the reduction of nitrate to 
nitr ite is not reversed at the anode. This can be seen in 
Fig. 5. The concentrat ion of NO~(aq) and NO~aq) drop to ap- 
proximately 1 and 5% of their original concentrations, re- 
spectively, after one mil l ion coulombs have passed. 
Figure 6 shows that the concentrations of nitrate and 
nitr ite in the anolyte do increase as the run continues due to 
diffusion and migrat ion from the catholyte, but the concen- 
trations never become very high (<0.06M each after one 
mil l ion coulombs have passed). When these species are con- 
sumed at the cathode, the concentrat ion in the catholyte 
drops, thus decreasing the tendency for ions to diffuse into 
the anolyte. The mass transport of these ions could be de- 
creased further by increasing the effective separator thick- 
ness (NMS,) of the separator or by using an ion exchange 
membrane such as Nation | . 
Several  interesting phenomena are observed in the 
catholyte and anolyte off-gases9 The catholyte off-gas com- 
posit ion vs .  coulombs passed for this case of the divided cell 
is shown in Fig. 7. The flash calculation init ial ly predicts 
that there is no gas phase unti l  the concentrat ion of the 
gases in solution increases. Thus in Fig. 7, the compositions 
init ial ly all start at zero and then jump up after a small 
amount of charge has been passed. Nitrogen and nitrous 
oxide are the major gases at the beginning of the run, even 
0 
0 
0 
100.0 
80.0 
60.0 
40.0 
20.0 
? 
/ 
/ 
/ 
ss" 
9 
0.0 . . . . . .  . -  x. 
0.0 0.25 
#~ 
rxn  1 -  
rxn  2 - - -  
rxn  3 ..... 
rxn  4 - . -  
rxn  5 . - "  
Cou lombs  passed  
Fig. 3. Divided cell cathodic current efficiencies vs. coulombs 
passed when E, dl = 3.5 V. 
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Fig. 4. Divided cell anodic current efficiencies vs. coulombs passed 
when E..~I = 3.5 V. 
though the current efficiency for the nitrous oxide reaction 
(reaction 4) is low compared to the reaction producing am- 
monia (reaction 2). This is because the solubility of ammo- 
nia is much higher than that for the nitrogen and nitrous 
oxide. Hydrogen gas is initially the third largest component 
of the off-gas, even though the current efficiency for this 
reaction is very small initially. Again, this is because the 
solubility of hydrogen is very small; essentially any hydro- 
gen that is produced goes into the gas phase. Later in the 
run the hydrogen gas becomes the major off-gas when the 
current efficiency for this reaction increases after most of 
the nitrate and nitrite have been consumed. 
8.0  
I 
. . . .  i . . . .  i . . . .  i . . . .  
6.0  
~ Na + - -  
Ei 4.0 [OH-  - -  
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/ 
2.0 i l" 
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Fig. 5. Divided cell calholite reservoir ionic concentrations vs. cou- 
lombs passed when Ec~n = 3.5 V. 
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Fig. 6. Divided cell onolyte reservoir ionic concentrations vs. cou- 
lombs passed when E~ = 3.5 V. 
The concentration f ammonia in the off-gas increases 
during the first half of the run but slowly decreases during 
the second half when the nitrite is consumed and the cur- 
rent efficiency for this reaction (reaction 2) decreases. The 
off-gas ammonia composition is seen to be smaller than the 
other cathodically produced gases even though the major- 
ity of gas-producing current goes through this reaction. 
This is due to the solubility of the ammonia being greater 
than that for the other gases. In this case study, the equi- 
l ibrium Ki value for ammonia is assumed to be given by 
Raoult's law. In a pure water/ammonia system, the solubil- 
ity of the ammonia is even greater than predicted by 
Raoult's law. 22 In a caustic solution, however, the solubility 
10 ~ %..  9 . , . . . .>~ . . . . . . . . . . . . . . . . . . . . . .  
10_  l i / h / ~ " -- . . . . . . .  
..,- - Ne - -  
"-" - "  NHa - - 
, "  :': \ IN ,  0 ..... U . 10  -e  
," - \ I t  
/ I  " 0 
10_J 
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10-4  
tn -5  . . . .  I . . . .  * . . . .  s . . . .  
AV 
0.0 0.25 0.5 0.7,5 1.0 
E6 
Cou lombs  passed  
Fig. 7. Divided cell catholyte off-gas composition (mole fraction) vs. 
coulombs passed when Ec~l -- 3.5 V. 
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Fig. 8. Divided cell current density and coulombs passed vs. time 
when E~d = 3.5 V. 
is less than that for a water/ammonia system: In addition, 
the solubility of the ammonia will decrease if the tempera- 
ture of the system is increased. Thus if the temperature of
the system increases during the reaction, as has been found 
in some experimental work by others,2'23 more of the ammo- 
nia in solution will move into the gas phase and may con- 
tinue to move into the gas phase even if the production rate 
at the cathode decreases. An increase in temperature will 
not affect the amount of the other gases in the off-gas as 
much as ammonia because the solubilities of the other 
gases are very low already. Thus there is not as much of 
these species present in the aqueous phase to be released if
the temperature increases. 
The concentration of oxygen in the catholyte off-gas is 
small throughout the run because the only source of oxygen 
is from anodically produced oxygen that diffuses through 
the separator. The mole fraction of oxygen decreases 
throughout the run as the total amount of the other gases 
increases due to the occurrence of higher rates of the gas 
producing cathodic reactions, especially the hydrogen evo- 
lution reaction. 
Figure 8 shows the current density and coulombs passed 
vs .  time for the divided cell. The current density rises a 
small amount initially but then drops when the nitrate and 
nitrite catholyte concentration drops. 
The divided model was run again at a lower applied po- 
tential (E~u = 3.0 V). The results from this case are shown in 
Fig. 9-12. The results are similar to the previous case, but 
there are some important differences. Figure 9 shows the 
catholyte current efficiencies vs .  coulombs passed. The cur- 
rent efficiency of reaction 1 (nitrate to nitrite) is much 
higher at the beginning of the run than in the previous case 
(97% vs .  88% initially). As more coulombs are passed, the 
current efficiency for this reaction goes down, and the cur- 
rent efficiency for reactions 2-4 consuming nitrite go up. 
The destruction of nitrate and nitrite occurs with fewer 
coulombs passed because the current efficiency for these 
reactions is higher initially. The hydrogen evolution reac- 
tion does not occur until almost all of the nitrate and nitrite 
have been destroyed. Significant hydrogen evolution does 
not occur until more than 500,000 C have passed, whereas 
in the previous case, hydrogen evolution became signifi- 
cant at about 400,000 C. The catholyte nitrate and nitrite 
concentrations decreased after fewer coulombs were 
passed, as can be seen by comparing Fig. 10 (E~u = 3.0 V) 
with Fig. 5 (E~u = 3.5 V). 
The catholyte off-gas composition is shown in Fig. 11. 
The results are similar in this case to those of the previous 
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Fig. 9. Divided cell cathodic current efficiencies vs. coulombs 
passed when E,~I = 3.0 V, 
case (Fig. 7) in the second half of the run. The gases pro- 
duced from the destruction of nitrite decrease further than 
in the previous case. This makes sense since there is not as 
much nitrite available to be reduced by this point. 
The current density and coulombs passed in this run are 
shown in Fig. 12. The initial current density is much less 
initially in this run and drops to less than one-third of the 
current density of the previous run at 3.5 V during most run 
time. More than 1100 min are required to pass one million 
coulombs vs .  400 min for the run at 3.5 V. While taking a 
much longer time to pass a given amount of current, that 
same current is used more efficiently to destroy nitrate and 
nitrite. The energy consumed at 3.5 V is 16.7% higher than 
that at 3.0 V for the same amount of charge passed9 Power 
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Fig. 10. Divided cell catholyte reservoir ionic concentrations vs. 
coulombs passed when E~ll = 3.0 Y. 
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requirements are higher too, as both the current density 
and the voltage are higher in this case. 
Conclusions 
The case studies presented indicate that at lower applied 
potentials the destruction of nitrate and nitrate was carried 
out more effectively. Using a separator was effective in 
keeping the nitrite produced at the cathode from moving to 
the anode and being oxidized back to nitrate. If the de- 
struction can be carried out at lower applied potentials, 
significant savings in energy and power requirements may 
be possible. The drawback to operating at lower potentials 
is that the time required for destroying the nitrate and ni- 
trite species is increased. The savings in cost by operating 
at lower potential and current would need to be weighed 
against ime constraints for destroying the waste. 
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Fig. 12. Divided cell current density and coulombs passed vs. time 
when EceH = 3.0 V. 
Future work should include the comparison of model 
predictions with experimental data obtained from a reac- 
tor using the same operating conditions as used in the 
model. The data obtained from these experiments would be 
useful for optimizing the adjustable model parameters, 
such as exchange current densities, before further case 
studies are performed. 
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Ci 
de 
Di  
Di,e 
f 
F 
Hi,B 
Ki 
L 
NM 
N 
pi sat 
Ri 
S. 
S~ 
S~ 
SHE 
t 
7" 
Ui 
Uj,ref 
V 
V 
V 
V 
W 
X 
xi  
Y 
Y~ 
Zi 
Zi 
Greek 
OLaj 
OLcj 
E 
L IST  OF  SYMBOLS 
solvent in Henry's constant; assumed to be water  in 
this study 
concentration of species i, mo l /cm 3 
equivalent diameter, 2SW/S  + W, cm 
diffusion coefficient of species i, cm2/s 
effective diffusion coefficient of species in the sep- 
arator region, cm2/s 
function or governing equation (used for flash, bub-  
ble point, and  dew point calculations) 
Faraday's constant, 96,487 C/tool 
Henry's constant for species i in solvent B 
phase equil ibrium value for species i, Ki = y~/xi 
current density due to reaction j, A /cm 2 
reactor length, cm 
overall mo le  fraction in liquid phase 
number  of electrons passed in reaction j 
flux vector of species i, mol / (cm 2 s) 
MacMul l in  number ,  NM = T/e = P/Po 
flux of s~ecies i in the direction indicated, 
mol/(cm- s) 
Reynolds number ,  vd Jv  
anodic reaction order of species i in reaction j 
total pressure, a rm 
saturation pressure of species i, arm 
cathodic reaction order of species i in reaction j 
gas law constant, 8.3143 J/(mol K) 
rate of generation of species i due to homogeneous 
reaction, mol/s 
stoichiometric coefficient of species i in reaction j 
distance between electrodes (electrode gap), cm 
width of anolyte channel, cm 
width of catholyte channel, cm 
thickness of separator, cm 
standard hydrogen electrode 
time, s 
temperature, K 
mobil ity of species i, cm 2 mol/(J s) 
standard open-circuit potential of reaction j vs. 
SHE, V 
open-circuit potential of reaction j at reference con- 
ditions, V 
electrolyte velocity vector, cm/s 
magnitude of electrolyte velocity, cm/s 
electrote potential, V
overall mole fraction in the gas phase 
volumetric flow rate, cm3/s 
volumetric flow rate of l iquid stream into reservoir, 
em3/s 
breadth of f low channel, cm 
axial reactor position, em 
mole  fraction of species i in the liquid phase 
radial reactor position, cm 
mole  fraction of species i in the gas phase 
charge number  of species i 
overall mo le  fraction of species i 
anodic transfer coefficient for reaction j 
cathodic transfer coefficient for reaction j 
porosity of the separator 
dimensionless reactor axial distance, ~ = x/L 
Downloaded 29 Aug 2011 to 129.252.86.83. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
J. Electrochem. Soc., Vol. 142, No. 4, April 1995 9 The Electrochemical Society, Inc. 1161 
ei 
V 
6'  
p 
po 
T 
4o 
reaction overpotential t the electrode surface (V - 
9 o - uj ~,), v 
dimens~'onless solution concentration, Oi = Ci/Ci ~ 
kinematic viscosity of the electrolyte solution, cm-/s 
dimensionless radial position, [ = y/S 
dimensionless distance between boundary condi- 
tions for the divided cell 
resistivity of the solution and separator together, 
~/cm 
resistivity of the solution without a separator, ~ cm 
tortuosity of the separator 
solution potential, V
solution potential at the electrode/solution inter- 
face, V 
dimensionless olution potential, gP = F/RT 
Subscripts 
a anolyte 
ave average 
BublP bubble point pressure 
c catholyte 
feed feed conditions to reactor 
Flash refers to flash calculation 
.g gas 
1 species number 
j reaction umber 
k iteration umber; also used as an index of summa- 
tion variable 
e liquid 
n normal direction 
o at the surface 
r reference value 
ref reference value or condition 
res in the reservoir 
s separator 
tot total 
x axial direction 
y lateral direction 
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